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after exclusive PSI excitation with far-red (FR) light in pea (Pisum sativum, cv. Premium) leaves under various
pre-excitation conditions. Prolonged adaptation in the dark terminated by a short PSII+PSI− exciting light
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linear electron transport (LET). These converse conditions give rise to totally different, but reproducible
responses of P700− oxidation. System analyses of these responses were made based on quantitative solutions
of the rate equations dictated by the associated reaction scheme for each of the relevant conditions. These
provide the mathematical elements of the P700 induction algorithm (PIA) with which the distinguishable
components of the P700+ response can be resolved and interpreted. It enables amongst others the
interpretation and understanding of the characteristic kinetic proﬁle of the P700+ response in intact leaves
upon 10 s illumination with far-red light under the promotive condition for CET. The system analysis provides
evidence that this unique kinetic pattern with a non-responsive delay followed by a steep S-shaped signal
increase is caused by a photoelectrochemically controlled suppression of the electron transport from Fd to the
PQ-reducingQr site of the cytb6f complex in the cyclic pathway. The photoelectrochemical control is exerted by
the PSI-powered proton pump associated with CET. It shows strong similarities with the photoelectrochemical
control of LET at the acceptor side of PSII which is reﬂected by release of photoelectrochemical quenching of
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The photosynthetic apparatus of plants, algae and cyanobacteria is
embedded in protein complexes that are oriented in the folded
membrane system (thylakoid) in the chloroplast. The proper orienta-
tion and organization in the membrane serve several purposes. (i) The
planar separation of two photochemical systems PS I and PS II, laterally
connected by cytochrome b6f (cytbf) complex that interacts with
plastoquinone (PQ) pool, allows the uphill electron transfer fromwater
on the donor side of PS II to an intermediate at the acceptor side of PS I.
(ii) The trans-membrane orientation of the reaction centers (RCs) of
both photosystems in the thylakoid guarantees that exciton trapping,
and subsequent charge separation, results in generation of a trans-
membrane electric potential. Its associated electromotive force acts as a
driving force for the generation of electrochemical gradients of ions, in
particular protons. (iii) The anchoring and vectorial orientation of active
proton pumps, such as the RCs, the cytbf complex and the ATP synthase
which allow the system to function properly [1].
Kinetics aspects of the electron transport in PS II have fruitfully been
studied by monitoring chlorophyll a (chl) ﬂuorescence induction
responses in chloroplasts and intact leaves [2–9]. These studies on
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existence of a photoelectrochemical control of electron transport
between the primary and secondary quinone acceptors QA and QB,
respectively. This control, exerted by generated power of the intersys-
tem cytochrome b6f proton pump, shows up as a protonophore-
sensitive release of what has been termed photoelectrochemical
quenching qPE of chl ﬂuorescence [9,10].
Photosystem I supports the linear electron transfer (LET) from
plastocyanin (PC) at the lumenal to ferredoxin (Fd) at the stromal side
of the thylakoid membrane. PSI has been evidenced as well to sustain
a cyclic electron transfer (CET) [11–18]. This involves the return of
electrons from the acceptor to the donor side of PSI via the
cytochrome b6f protein complex. Several approaches and models
have been reported and debated in the last decade which focuses on
the functional role of CET in the overall photosynthetic reductive
pathway and the control mechanism(s) by which this function is
accomplished and regulated [12,13,18]. In most of these approaches
the light-driven redox changes of the primary PSI donor P700 are used
a central source of information on the role of CET.
The trans-thylakoid short-circuiting of donor- and acceptor side of
PSI with the cytb6f complex in the proper orientation causes PSI to
operate as a functional lumen-oriented proton pump (Fig. 1). Brieﬂy,
excitation energy trapping in PSI causes charge separation between
donor (P700) and acceptor, designated with Acc, representing a
complex of primary and secondary acceptors. Oxidized P700 (P700+)
initiates reductive electron transfer from plastoquinol (PQH2) at the
Q0 (lumenal) binding site of the cytb6f complex via cytochrome f
(cytf) and plastocyanine (PC). This transfer from the Q0 site is coupled
to a branched e-transfer to the low potential form of cytb6 in theFig. 1. Cyclic (CET, left-hand part) and linear electron transport (LET, right-hand side) unde
The balance is regulated by the ΔpH component of the electrochemical proton gradient ΔμH
ﬁgure and dashed red lines connecting proton in- and efﬂux (double red arrows) at Qr- an
ferredoxin (Fd) and plastoquinone (PQ) at the Qr site of the complex and consequently prom
colored arrows in the left-hand top side symbolize passive H+ ﬂuxes from the pH-controlled
at which e-transport-coupled active H inﬂux takes place. Further details are in the text.complex and the delivery of 2H+ to the lumen. At the acceptor side
reductive e-transfer occurs via ferredoxin (Fd) towards plastoquinone
(PQ) at the Qr (stromal) binding site of the short-circuiting complex.
The e-transfer rate from Fd to the Qr site of the complex is assumed to
be higher than that from Fd to FNR owing to a higher rate constant in
the cyclic pathway [18,19]. Branched e-transfer from the high
potential form of cytb6 in the complex towards this binding site
causes the PQ reduction and the uptake of 2H+ from the stroma. The
vectorial e-transfer in the cytb6f complex, which short-circuits
(closes) the cycle, is accomplished by inter-heme electron transfer
between the low and high potential forms of cytb6 [1]. The simpliﬁed
ﬁgure (Fig. 1) shows, conﬁrms and illustrates that a single excitation
of PSI in the absence of any interference with photochemical activity
of PSII results in the electrogenic lumen-oriented transfer of two
protons across the thylakoid membrane. Thus FR illumination of a
preparation at a rate kL smaller than that of the slowest e-transfer in
the short-circuit CET is expected to cause (i) lumenal H+ inﬂux at a
rate kL, (ii) no accumulation of P700+, and (iii) unaltered PQ/PQH2
ratio.
It has been observed that the (shape of the) P700 response upon
FR illumination is strongly dependent on the duration of dark- or light
(-quality) treatment in the period preceding a FR illumination
[18,20,21]. Two extremes in the FR-induced P700 responses can
easily be distinguished: i) a fast and nearly exponential oxidation of
P700 (accumulation of P700+) after a prolonged PSI excitation
interrupted by short D(ark) period, and ii) a distinct delay with zero
accumulation of P700+ followed by a slow S-shaped rise upon FR
illumination after a few seconds D following a longer D period ﬁnished
with a 0.2 to 2 s PSI+PSII (WL) excitation. These two extremes,r far-red excitation (FRL) and a simpliﬁed model of the dynamic balance between both.
generated during CET by the cytb6f proton pump (red battery symbol in central part of
d Q0 sites of the complex). ΔpH causes suppression of transport rate between reduced
oting electron transfer in the parallel linear pathway from Fd to NADPH. The thin red-
Fd–Qr redox side and from shunted non-speciﬁc stromal H+ sources towards the Qr side
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have been postulated to be mainly associated with linear (LET) and
cyclic electron transport (CET), respectively [13,18,19]. Several models,
reviewed in [18,21], have been proposed to describe the regulatory
mechanism which controls the balance between and relative contribu-
tion of both pathways under variable and non-extreme conditions. This
paper will focus on induction kinetics of far-red light (FRL) induced
810 nm absorbance changes (ΔA810) attributed to redox changes of
P700 [21,22]. We report on analyses of these kinetics that have been
carried out under a variety of pre-excitation conditions. They are based
on quantitative solutions of the differential equations dictated by the
associated reaction scheme for each of the chosen conditions. These
provide the mathematical elements of the P700 induction algorithm
(PIA) with which the distinguishable components of the P700+
response can be resolved and interpreted. It enables amongst others
the interpretation andunderstandingof the characteristic kinetic proﬁle
of the P700+ response in intact leaves upon 10 s illumination with far-
red light after prolongeddark adaptationwhich is a promotive condition
for CET. This unique kinetic pattern with a non-responsive delay
followed by a steep S-shaped signal increase is interpreted to be caused
by a photoelectrochemically controlled suppression of the electron
transport from Fd to the PQ-reducingQr site of the cytb6f complex in the
cyclic pathway. The photoelectrochemical control is exerted by the PSI-
powered proton pump associated with CET. It shows strong similarities
with the photoelectrochemical control of LET at the acceptor side of PSII
which is reﬂected by accumulation and reduction of QB-nonreducing
RCs and release of photoelectrochemical quenching qPE [9,10].
2. Materials and methods
Pea (Pisum sativum L., cv. Premium) plants were raised at 25 °C
under illumination with ﬂuorescent lamps (12-h photoperiod, 1500 lx)
on a nutrient medium containing 1 mM MgSO4, 3 mM Ca(NO3)2,
1.25 mM KNO3, and 0.9 mM KH2PO4. Leaves were sampled from 10- to
14-day-old seedlings. Undetached or excised leaves were adapted to
darkness for 15 min at room temperature prior to measurements.
Redox transients of P700 chlorophyll in PSI reaction centers were
measured from changes in absorbance difference at 810 and 870 nm
(ΔA810). The measuring system consisted of a PAM-101 control unit
(100 kHz modulation frequency) and ED-P700DW dual-wavelength
emitter-detector unit (Walz, Germany). A branched ﬁber-optic cable
was used to guide modulated measuring beam and actinic light
toward the leaf sample and to direct transmitted infrared light to the
detector. The leaf was placed between a mirror support and the end of
the ﬁber-optic cable.
The leaf was illuminated with neutral white light (WL) of a Luxeon
LXK2-PWN2-S00 light-emitting diode (100 lx, 700 mA, 4100 K;
Lumileds, United States). The far-red (FR) light was obtained by
insertion of an interference ﬁlter (717 nm) in the LED housing or from
a 70-W halogen lamp light source ﬁtted with a 717 nm interference
ﬁlter and an electromagnetic shutter. The photon ﬂux densities
provided by the LED source ofWL and the source of FR light were 1000
and 100 μmol/(m2 s), respectively. A Schott KL-1500 illuminator
(Germany) was used for preillumination with WL. The duration of
preillumination pulses was controlled with a PAM-103 unit. The
preillumination pulse (1100 μmol/(m2 s)) was given 10 s before
ΔA810 measurement. Effect of the protonophore FCCP on photoin-
duced ΔA810 signals was measured after inﬁltration of a leaf with the
agent dissolved in the medium containing 0.1 mM KCl, 1.0 mM NaCl
and 0.1 mM CaCl2. The inﬁltration method was as described in [20].
The acquisition of ΔA810 signals and the timing control of light
pulses from LED source were carried out by means of a PCI-6024E
analog–digital convertor (National Instruments, United States) and
WinWCP software (Strathclyde Electrophysiology Software). The
responses are relative to the dark signal at which P700 is reduced
and normalized to those at high intensity light in which P700 hasbecome oxidized and plotted as P700+/Ptot on a linear time scale.
Further details about the use of this equipment can be found
elsewhere [19].
Simulation of experimental responses Fexp(t) (=P700+(t)/Ptot)
were done with application of the P700 induction algorithm (PIA),
which is described in detail below. The ﬁt parameters (rate constants,
heterogeneity, fraction, etc.) of the simulation curve FPIA(t) were
estimated after application of dedicated routines provided by appro-
priate software (MathCad 13, MathSoft Inc. Cambridge, MA) which
calculates the parameter values (vector) for which the least mean
square function ∑
NN
n=1
fFexpðtnÞ−FPIAðtnÞg2
" #1=2
is minimal, where NN is
the number of data points (in most experiments NN≥50). Reduction of
data points was in some cases purposely applied for FPIA(t) curves to
facilitate better comparison with the experimental curve Fexp(t).
Figures represent the results of typical experiments performed in
at least four replicates.3. Results and interpretation
3.1. Basics of a model which considers a photoelectrochemical control
of CET
Here we present an alternate model on the mechanism of CET
regulationwhich ismainly based on a kinetic analysis of the FR-induced
P700 response after WL preillumination (Fig. 2). The probability of PSI
driven electron transport following the cyclic pathway (CET-route) or,
in other words, the efﬁciency ϕ of the CET route isϕ=kqr/(kqr+kfnr) in
whichkqr and kfnr are rate constants of the reductionof PQ (at theQr site)
and FNR, respectively by (reduced) Fd (see Fig. 1). The (complemen-
tary) efﬁciency of the non-cyclic pathway (LET route) equals 1−ϕ. The
non-responsiveness of P700 during the initial phase upon FR excitation
after short WL preillumination of dark-adapted leaves indicates that
during this phase PSI operatesmainly, if not exclusively in the CETmode
in which ϕ=ϕmax∼1 and, at the moderate intensities used, accumu-
lation of P700+ is negligible. This situation applies to the condition in
which all PSI RCs are in the CET mode. The subsequent S-shaped
accumulation of P700+ following the non-responsive CET phase is
assumed to be caused by a photochemically (ΔpH-) controlled decrease
in the rate constant kqr of PQ reduction at the Qr site with associated
decrease in ϕ. In this view this phase of the P700-induction curve
reﬂects the time curve of appearance and accumulation of PSI RCs that
operate in the LET mode. The FR-induced P700 response in WL-
preilluminated preparations thus can be assumed to represent the time
curve of 1−ϕ, i.e. the transition of PSI RCs from the CET- into the LET
mode. Surveys and discussion of other mechanistic models which are
based on analyses of light- and dark kinetics of P700 and PC under
equilibrium conditions but do not consider feed-back regulation by
electron transport coupled proton ﬂuxes can be found in [13,17,21–23].
The hypothesis proposed here on photoelectrochemical control of
the rate constant kqr of PQ reduction shows similarities with the one
proposed for photoelectrochemical control of accumulation of QB-
nonreducing RCs in PSII. The latter takes into account the pH-
sensitivity of QA− QB↔QA QB− redox equilibrium in relation to the Q-
cycle (cytb6f) proton pump coupled to e-transfer from the acceptor
side of PSII to the donor side of PSI [9]. The accumulation kinetics of
P700+ in PSI (Fig. 2) resembles that of QB-nonreducing RCs in PSII
(see for instance Fig. 6.15 in [9], and Fig. 5 in [24]): a stationary not-
responding phase of a few seconds duration is followed by a S-shaped
monotonic rise towards a saturated steady state level ascribed to
nearly full accumulation of P700+ or QB-nonreducing RCs in PSI and
PSII, respectively. In analogy with the simulation of accumulation of
QB-nonreducing RCs in PSII, quantiﬁed by the release of photoelec-
trochemical quenching of PSII ﬂuorescence (qPE(t)) [10], the time
response of FR-induced P700+-accumulation in a pre-conditioned
Fig. 2. Kinetics of relative absorbance change at 810 nm attributed to accumulation of P700+ upon illumination with 100 μEm−2 s−1 far-red light (FRL) in intact pea leaf (black solid
curve). Red symbols are of ﬁtting CET(t) curve (Eq. (1a)) with substitution for kqbf=1 s−1 and N=2, and k−PEbb0.05 s−1. Dashed red curves are those of Eq. (1a) with substitutions
of N=0, 2, 5 and 13 and kqbf=0.36, 1, 2.05 and 4.76 s−1 which to illustrate the same P700+ signal at the relaxation time ∼3 s of the exponential response at N=0. The ﬁgure
illustrates the strong dependence of delay and steepness of P700+ response curve on N and kqbf. As is shown in other ﬁgures N and kqbf in general are found in the range between
5≤N≤12, and 1≤kqbf≤4.5 s−1.
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(ϕ=ϕmax) can be represented by
P700þðtÞ
P700tot
= 1−e−kqbf ⋅t ∑
N
m=0
ðkqbf tÞm
m!
kqbf
kqbf + k−PE
ð1Þ
The simulation function quantiﬁes the normalized P700+-accumu-
lation response in dependence of two rate constants kqbf and k−PE that
are assumed to be related to trans-thylakoid proton pumping and -leak,
respectively, and of a number N (N≥0), which can be thought to be
related to effect and number of proton buffering groups in the
hydrophilic phase surrounding the Fd− PQ↔Fd PQ− redox domain
near the Qr (stromal) binding site of the cytb6f complex. As argued
above, Eq. (1) gives the FR-induced P700
þðtÞ
P700tot
signal of a population of PSI
RCs that operate in the CET mode at the onset of excitation. In short
notation we will refer to this as CET(t), which gives
CETðtÞ = 1−e−kqbf ⋅t ∑
N
m=0
kqbf t
 m
m!
kqbf
kqbf + k−PE
ð1aÞ
The derivation of the CET(t)-relation (Eq. (1a)) is given in
Appendix A.
Fig. 2 shows a graphic representation of Eq. (1) for a set of
parameter combinations [N, kqbf], i.e. of the number of proton-
buffering groups (N) and the rate constant of the proton transfer (kqbf)
of the sequential N+1 transfers (see Appendix A). The value of the
rate constant kqbf for the discrete N values in each combination was
chosen to accommodate equal values of P700+ at the relaxation
time τ=[kqbf]−1∼3 s of the exponential relation P700
þðtÞ
P700tot
= 1−e−kqbf ⋅t
(Eq. (1)) for N=0, i.e. in the absence of buffering. The ﬁgure
illustrates that delay time and steepness of the S-shaped curve
increase with N and rate constant kqbf. This is also true (not shown)
when the rate constant is kept constant. The ﬁgure shows that the
closest ﬁt with an experimental curve (black solid trace) in this
particular case is obtained for N=2 and kqbf=1.05 s−1 (red coloreddiamonds). One can obtain a better ﬁt by using a modiﬁcation of
Eq. (1), which circumvents the limitation that it is only valid forN is an
integer. If one considers two complementary fractions α and 1−α
with N and N−1 buffering groups, respectively (N≥0 and 0≤α≤1)
CETðtÞ = P700
þðtÞ
P700tot
= 1−e−kqbf ⋅t α ∑
N + 1
m=0
kqbf t
 m
m!
+ð1−αÞ ∑
N
m=0
ðkqbf tÞm
m!
2
4
3
5
 kqbf
kqbf + k−PE ð1bÞ
Eq. (1b) becomes identical to Eq. (1a) when non-integer values of
N are accepted and N in Eq. (1) is replaced by N+α. For instance the
left-hand sides of both equations are identical when for α=0.25 and
N=2 in Eq. (1b) N in Eq. (1) symbolically is replaced by N=2.25 at an
equal value of kqbf in both. Application of Eq. (1b) gives a closer ﬁt
with experimental FR-induced P700+ responses than Eq. (1). As
illustrated in Fig. 2, the experimental curve could be simulated with
Eq. (1) with a best ﬁt for a parameter combination [N, kqbf]=[2, 1.03].
Application of Eq. (1b) will give (not shown) [N, kqbf]=[2.54, 1.18].
3.2. Kinetics of P700 response in PSI excitation at full electrochemical
attenuation of CET (θ=0)
Attenuation and full suppression of CET in 10 s PSI (FR) excitation
with ∼100 μE m−2 s−1, is completed after 5 to 8 s when the P700+/
P700 response has reached its steady state maximum (Fig. 2). Under
these conditions all RCs will operate in the LET (non-CET) mode with
(Eq. (1a)). The bi-exponential decay in the dark with rate constants
0.1 and 1.5 s−1 is completed after tens of seconds (Fig. 3). The
response upon a second excitation after a dark period of about 30 s is
shown in Fig. 4. It is ascribed to that of RCs that have been transferred
into the LET mode in the preceding excitation. It shows an S-shaped
monotonic rise completed within 1 s. The initial delay at a 10 s−1
excitation rate is approx. 50 ms (see insert in Fig. 4). These response
kinetics are in agreement with the following model of the LET-mode
operation upon exclusive PSI excitation.
Fig. 3. Kinetics of FRL-induced P700 oxidation in pea leaf kept for various periods in the dark (D) after preliminary 10-s FRL pulse of the same intensity. Dark periods (in minutes) are
indicated at each of the curves and were (from top to bottom) 0.5, 2, 5, 20, and 40.
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ﬂow at the acceptor side is channeled towards the FNR pathway
(Fig. 1, right-hand side). At the donor side electrons, delivered by Cytf
are transferred towards P700+ via PC. Under conditions at which
excitation rate (kL) and rate constant of electron donation to PC by the
external PSI electron donor (ks) are small as compared to that of
electron transfer from PC to P700+ [20], the delay in P700+
accumulation at the onset of excitation (illumination) is consistent
with the oxidation of PC in the ﬁrst two turnovers of PSI [22,23]. This
condition apparently is fulﬁlled for kL∼10 and ks∼1.5 s−1. The
simpliﬁed reaction scheme of P700+ accumulation in the LET mode
of PSI operation then can be symbolized and represented by
y0⇒
kL
y1⇒
kL
y2⇔
kL
ks1
y3, in which y0, y1 and y2 are excitable states of PSI
RCs with reduced P700 and with 0, 1 and 2 positive charges stored at
the donor side, respectively; y3 is the state with P700+. The
simpliﬁcation of the reaction scheme is purposely chosen to enable
the derivation of an analytical solution of the associated differential
equations (ODEs). This solution is not markedly different from the
graphic solution that is obtained (not shown) when the extended
redox equilibrium reaction scheme [22,23] is used. The solution of the
ODEs for the simpliﬁed reaction scheme under these conditions and
assumptions gives for y3(t) (see for further details Appendix B):
y3ðtÞ =
kL
kL + ks
1−e−kLt⋅ 1 + 1 + kL
ks
 
⋅kLt−
kL
ks
 2
⋅ 1−e−kst
   	
ð2Þ
Eq. (2) gives the FR-induced P700
þðtÞ
P700tot
signal of a population of PSI
RCs that operate in the LET mode at the onset of excitation. In short
notation we will refer to this as LET(t), which gives:
LETðtÞ = kL
kL + ks
1−e−kLt⋅ 1+ 1 + kL
ks
 
⋅kLt−
kL
ks
 2
⋅ 1−e−kst
   	
ð2aÞ3.3. Analysis of transient P700 response upon PSI excitation of RCs in
CET-mode
Fig. 5 shows kinetics of FR-induced P700+ accumulation in a leaf
that has been dark-adapted for 40 min after a previous 10 s FR
illumination. It illustrates, in agreement with curves measured under
comparable conditions by others [13,18,21], a S-shaped increase
towards a maximum P700+/P700tot∼0.4 reached after 1 s, followed
by a 50% decrease towards a dip and subsequently followed by a S-
shaped rise in the next 6 s towards a level 0.8. The relative size and
shape of the second rise in the 2 to 10 s time domain suggests that
after this prolonged dark adaptation following FR illumination i) the
PSI RCs are in the CET mode of operation and ii) the PQ pool is in the
oxidized state. The latter condition causes an inactive cytb6f cycle in
the ﬁrst two excitations and, what we call a pseudo-linear electron
transport (psLET) in PSI. It causes electron transfer from PC and P700
towards the acceptor side with PQ at the Qr-side of the cytb6f complex
as ﬁnal acceptor. The concomitant reduction of PQ in this excitation
doublet will cause i) reduction of P700+ accumulated during psLET in
the ﬁrst two turnovers and ii) onset of CET in the subsequent
turnovers.
The reaction scheme of P700+ accumulation and -reversion caused
by psLET in the ﬁrst turnovers of RCs (yy0) in the CET mode of PSI
operation and with fully oxidized PQ then can be represented by
yy0⇒
kL
yy1⇒
kL
yy2⇒
kL
yy3⇒
ks1
, in which yy0, yy1, yy2 and yy3 have the same
meaning as mentioned before for similar y-states; kL and ks (in s−1)
are excitation rate and limiting rate constant of P700+ reduction at
the PSI donor side, respectively. The solution of the ODEs for this
reaction scheme gives for yy3(t) the following approximate relation
(for detail see Appendix B):
yy3ðtÞ =
kL
kL−ks
 3
1−e− kL−ksð Þ⋅t ∑
2
m=0
kL−ksð Þ⋅tð Þm
m!
 !
e−ks⋅t ð3Þ
Eq. (3) gives the FR-induced P700
þðtÞ
P700tot
signal of a population of PSI
RCs that operate in the CET mode and contain an oxidized PQ-pool at
Fig. 4. Kinetics of FRL-induced P700 oxidation in pea leaf kept for 30 s in the dark after preliminary 10-s FRL pulse of the same intensity (noisy black curve, same as top curve in Fig. 3).
Black diamonds are of LET(t) curve after the following substitutions in Eq. (2a): kL=10.5, ks=0.5 s−1. The insert shows both curves at a higher time resolution. Note the sigmoidicity
at the light onset with a response delay of the order of 50 ms.
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refer to this as psLET(t), which gives
psLETðtÞ = kL
kL−ks
 3
1−e− kL−ksð Þ⋅t ∑
2
m=0
kL−ksð Þ⋅tð Þm
m!
 !
e−ks⋅t ð3aÞFig. 5. Kinetics of FRL-induced P700 oxidation in pea leaf kept for 40 min in the dark after pre
Fig. 3). The response in the light (0–10 s) is ﬁtted (see also inset for the initial events) wi
symbols) and of CET(t) (Eq. (2a), green symbols). The proﬁle of the response (and ﬁt) and t
indicates that all RCs under the ambient conditions have been transferred in the CET mode
parameters substituted in the PIA(t) simulation curve (Eqs. (2)–(4)) are kL=5.3, ks=0.75, k
increased values of ks and k−PE after this relatively long pre-excitation time in the dark.3.4. Kinetics P700 response in leaves with heterogeneity in CET- and LET
mode of PSI operation
It is hypothesized that the FR-induced P700
þðtÞ
P700tot
-response in a
heterogeneous system of PSI RCs is the resultant of that of the
constituent CET- and LET-fractions, indicated with θ and 1−θ,liminary 10-s FRL pulse of the same intensity (noisy red curve, same as bottom curve in
th curve (black symbols) obtained after summation of one of psLET(t) (Eq. (3a), blue
he value of the transient relative maximum (P700+∼0.4) at about 1 s after onset of FRL
) and about 65% (γ=0.65) of these have an oxidized PQ pool. The values of the other
qbf=1.65 and k-PE=0.4, N=7, θ=1 and γ=0.65. Note that LET(t)=0 (θ=1) and the
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populated with an oxidized PQ-pool. Then the P700 induction
algorithm (PIA) for the overall simulation signal is derived after
appropriate summation with
PIAðtÞ = P700
þðtÞ
P700tot
= θ⋅ CETðtÞ + γ⋅psLETðtÞ½  + ð1−θÞ⋅LETðtÞ ð4Þ
Support for the correctness of the hypothesis and for the
usefulness of PIA-application is illustrated for some special cases.
Fig. 6 (see also insert) shows the PIA(t) simulation (Eq. (4)) of the
initial transient and subsequent rise after the dip of the FR-induced
P700+ response in a 5 min dark-adapted leaf. The ﬁt has been made
when the CET-fractionation in this case is θ=0.41with 95% (γ=0.95)
assumed to be populated with an oxidized PQ pool.
If none of the RCs in CET-mode (Figs. 3, 5, and 6) would contain an
oxidized PQ pool (γ=0) then the term γ*psLET(t) in Eq. (4) becomes
zero and the transient response in the simulation curves PIA(t) with
dip D will be absent. This is shown in Fig. 7. The response simulation
with γ*psLET(t)=0 (γ=0) and θ∼1 (high CET fractionation) shows
strong similarities with the response of a leaf in which dark-
adaptation shortly before FR-excitation is interrupted with a 0.2 s
WL preillumination. This leads to the conclusion, in agreement with
the PIA simulation, that WL preillumination of dark-adapted leaves
causes a strong suppression in the initial transient phase of the FR-
induced P700+ response due to reduction of the PQ pool. The FR-
induced P700
þðtÞ
P700tot
response after long dark period, interrupted by a
short WL pulse before excitation is somewhat variable with respect to
the relative magnitude (θ) of the CET fraction. In the case illustrated in
Fig. 7, θ=94%), and the P700
þðtÞ
P700tot
response at the onset of excitation
shows a hump which, as concluded from the PIA simulation, is caused
by responsiveness of the complementary 6% LET fraction. However
in many other instances this hump is absent, indicating that one
deals after this dark+WL treatment with 100% of the PSI RCs in the
CET-operation mode (θ=1). The hump is not resolved at lower
excitation rates, even when the CET fraction is between 90% and 100%
(not shown).Fig. 6. Kinetics of FRL-induced P700 oxidation in pea leaf kept for 5 min in the dark after preli
Fig. 3). The response in the light (0–10 s) is ﬁtted (see also inset for the initial events) with
psLET(t) (Eqs. (1a)–(3a), respectively with green, red and blue symbols). Values of the s
k−PE=0.04 s−1, N=10.5, θ=0.45 and γ=0.97.Fig. 8 shows the P700+ response upon excitation with weak FRL
intensity (excitation rate kL∼1.5 s−1) in a 10 min dark-adapted leaf
before (control) and after treatmentwith5 μMFCCP. Thedata show that
FCCP addition causes i) a substantial, in the present experiment approx.
75%, reduction in P700+ accumulation, ii) a change in the kinetics in the
light from a monotonic rise in the control to one with nearly saturation
after about 5 s in the presence of FCCP and iii) an enhancement of the
rate of P700+ re-reduction in the dark. Application of the induction
algorithm (PIA) enabled the simulation of both responses with a LET-
and CET component. Addition of FCCP was estimated (not shown) to
cause an increase in the relative magnitude of the CET fraction from
θ∼0.4 to 0.8 and, characteristic for a protonophore like FCCP, a
concomitant increase with more than two orders of magnitude of the
passive trans-thylakoid H+ conductance (-leak) symbolized in CET(t)
by k−PE (Eq. (1)).
The recovery in the dark of the CET mode of operation has been
estimated from the θ-values of PIA(t) ﬁts of P700
þðtÞ
P700tot
responses
measured at various dark times after a 10 s FRL excitation in which
transfer into the LETmode has occurred (Fig. 3). The result is shown in
Fig. 9 and yields an approximate recovery rate of (6.5 min)−1.4. Discussion
The kinetic patterns of far-red (FR)-induced P700
þðtÞ
P700tot
responses in
intact leaves show strong dependency on conditions of pre-treatment
(dark, wavelength of preillumination). Our data are in fair agreement
with those reported by other groups [13,18,21]. Brieﬂy summarized
the data show i) S-shaped light-on responsewhich indicates a delay in
accumulation of photo-oxidized P700 and bi-exponential dark decay
with rate constants 1–3 s−1 and 0.2–0.3 s−1, respectively and
comparable amplitude, ii) multiphasic light-on response after
N5 min dark adaptation with a pronounced and partially transient
component (phase I) completed in 1–3 s, followed by a slow running
S-shaped rise (phase II) towards a ﬁnal steady state associated with
almost full oxidation of P700 and ﬁnished within 5–15 s, iii) the
transient overshoot in phase I is largely suppressed when the darkminary 10-s FRL pulse of the same intensity (noisy black curve, same as middle curve in
PIA(t) curve (black symbols) obtained after summation of those of CET(t), LET(t) and
ubstituted parameters in the PIA(t) simulation curve are kL=5, ks=0.6, kqbf=3 and
Fig. 7. Kinetics of FRL-induced P700 oxidation in a pea leaf kept for 5 min in the dark in the absence (thin black noisy curve) and presence of a 0.2 sWL pulse at the termination of the
dark period (bold black curve). Note the disappearance of the initial transient in the response after theWL pulse (see also the insert). The values of the parameters substituted in the
PIA(t) simulation curve (open diamonds, Eqs. (1)–(4)) of the response with WL pre-pulse are kL=7, ks=0.5, kqbf=2.4 and k−PE=0.04, N=6.6, θ=0.95 and γ=0.
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variable ratio between phases I and II with phase I as major and nearly
exclusive component in dark adapted leaves after (repetitive) FRFig. 8. Kinetics of FRL-induced P700 oxidation in pea leaf kept for 10 min in the dark after pre
hand panel) and presence of 5 μM FCCP (right-hand panel). The response in the light (0–10
(Eqs. (1) and (2), respectively). The values of the parameters substituted in the simulation c
[0.1]; kqbf=0.7, [0.4]; k−PE=0.01, [6]; N=3, [3]; θ=0.4, [0.8] γ=0, [0]. Note the effect ofpreillumination but increasingly small after N 5 min D and WL
preillumination, and v) phase II which is the major phase after
prolonged D and the exclusive one after short WL in which PQ poolliminary repetitive 10-s FRL pulse of approx. 30 μEm−2 s−1 in the absence (control, left-
s) can be ﬁtted after summation of the CET and LET-curve (red and green dashed lines
urves, with those in the presence of FCCP between brackets, are kL=1.5, [1.6]; ks=0.1,
FCCP on θ and k−PE.
Fig. 9. The dark recovery of the CET mode of PSI operation after a 10 s PSI excitation
(FRL) in which linear electron transport (LET) has been induced. Note the slow recovery
time of ∼6.5 min.
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protonophoric uncouplers like FCCP , as shown in Fig. 8 (see also [20]).
Phases I and II are assumed to reﬂect the P700+ response of two
complementary fractions, in which PS I photochemistry is governed
by linear (LET) and cyclic (CET) electron transport, respectively. The
variable CET/LET fraction ratio is designated with θ/(1−θ). Variabil-
ity of size of θ-fraction (CET) is attributed to ΔμH- (ΔpH-) regulated
attenuation of CET (Fig. 1). The LET- and CET- operational mode of PSI
are shown in the right- and left-hand parts, respectively of Fig. 1.
The linear electron transport reaction scheme (Fig. 1, right-hand
part), with PC as electron donor and FNR/NADPH as acceptor predicts
a phase I-type LET(t) response of P700+ accumulation given by
Eq. (2a). Fig. 4 shows the close resemblance between the experimen-
tal P700+ accumulation and theoretical LET(t) curve for, in this case a
10 s FRL pulse of 100 μE m−2 s−1 intensity, corresponding with
excitation rate kL=10.5 s−1, and a P700+ reduction rate ks=0.5 s−1.
The ratio between kL and ks causes that 95% of P700 becomes oxidized
under steady state conditions at this FRL intensity (rate). The LET-
response is observed, in agreementwith results of others [13,18], after
a few seconds dark interruption of FRL illumination. It has been found
(not shown) to follow the LET(t) function for different rates
(intensities).
The FRL-induced ΔA810 signal, observed after short WL preillumi-
nation of a dark-adapted leaf shows predominantly if not exclusively
phase II (Fig. 2). It is characterized by nearly complete non-
responsiveness during the ﬁrst seconds of excitation followed by a
relatively slow S-shaped rise towards a steady state level of full P700
oxidation (Figs. 2, 5, and 7). This response is attributed to full run and
subsequent attenuation of cyclic electron transport CET and can be
simulated with function CET(t) given by Eq. (1a). CET(t) is the
analytical solution of ODEs associated with a sequence of N excitation
steps (2bNb10) with kqbf and k−PE as rate constants of the proton
efﬂux out of the Fd–PQ redox domain towards the Qr site of the cytb6f
complex (with active proton inﬂux) and of passive trans-thylakoid
proton (back)ﬂow, respectively. The suppression (inhibition) of phase
II by FCCP (Fig. 8) is in agreement with the effect of a manifold
increase in k−PE on the amplitude of CET(t) in Eq. (1a).Non-responsiveness during the initial period of phase II is
determined by and associated with the presence of reduced PQ in
the PQ pool which is required for short circuit electron- and proton
transport through the cytb6f complex (Fig. 1, left-hand side) at the
onset of excitation. A short WL preillumination of dark-adapted
preparation serves this purpose satisfactorily (Fig. 7). The attenuation
of CET has been attributed to the shift of the Fd−–PQ↔Fd–PQ− redox
equilibrium towards the left in association with proton efﬂux out of
the Fd–PQ redox domain with concomitant decrease in rate constant
of the cyclic electron transport and promotion of the linear Fd→FNR
electron pathway. Delay and speed of this shift are assumed to be
determined by the proton efﬂux and the buffering strength of the
domain contacting the redox site, which are quantiﬁable by the
parameters kqbf and N, respectively (see Appendix B). The apparent
variability in the kinetic proﬁle of the CET(t)-response (phase II) for
different leaves of the same species [13,18,20] is reﬂected by
differences in the parameters of Eq. (1a). We presume that these
variations are related to differences in intrinsic physico-chemical
properties of chloroplast and cell compartments caused by interactive
(photo-) electrochemical events associated with electron and proton
circuits in individual and interacting cells.
In the absence ofWLpreillumination, the initial non-responsive part
of CET(t) in dark-adapted leaves (phase II) in general is substituted by a
short lasting transient with overshoot (Figs. 3 and 5). The transient
signal is interpreted to show up in dark-adapted preparations with a
fully oxidized PQ pool, and is ascribed to oxidation and subsequent
reduction of P700 inﬁrst two turnovers of PSI. Simultaneously reduction
of PQ occurs at the Qr site with subsequent induction and initiation of
electron and proton transport through the cytb6f complex in next fol-
lowing excitations. The transient is described by what we call psLET(t)
(Eq. (3a)). It is the analytical solution of ODEs associated with this
particular pseudo-linear electron transport reaction patternwhich only
occurs as long as PQH2 is unavailable for binding at the Q0 site of the
complex.
The availability of analytical expressions (Eqs. (1a)–(3a)) for the
distinguishable kinetic components in the FRL-induced ΔA810 signal
gives possibilities for further evaluation and validation of the present
alternate model and algorithm (PIA) that describe far-red-induced
electron transport in PSI. Model and algorithm appear to be a
promising and reliable tool for analyzing the CET-, psLET- and LET
reactions in intact leaves in 10 s FR light pulses at intensities up to
100 μE m−2 s−1. Application of the algorithm PIA(t) and ﬁtting it with
experimental P700
þðtÞ
P700tot
(ΔA810) responses for a variety of conditions
allow the determination of the following variables that are determi-
nant for the ongoing CET and (ps-)LET reactions. Some of them
require special score.4.1. Light excitation rate—kL
The rate determines the S-shaped rise of phase I in experimental
curves and is estimated from the corresponding PIA(t) ﬁt. The highest
precision is obtainedwith leaves under FRL-preilluminated conditions
in which nearly all RCs have been transferred into a LET-mode of
photochemical operation (Fig. 4) with a rate of reversion in the min
range (Fig. 8). Then PIA(t)=LET(t) and Eq. (1a) applies. Although
with somewhat less precision, the estimate of kL under other
conditions is straightforward and is not hampered by instrumental
or theoretical limitations of any kind. This is an advantage as
compared to other methods where the actual excitation rate has
been calculated from the dark decay rate of the light-induced
electrochromic P515 absorbance [13,18,20]. This method is however
susceptible to and hampered by misconceptions on the analysis of
these changes [26–28]. It is clear that the actual light excitation rate is
lower in leaves with a non-zero CET fraction (θ≠0). We ﬁnd for the
same leaf kL=10.5 and 5.3 s−1 for θ=0 and 1, respectively (Figs. 5
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the well documented back-pressure effect of ΔμH (θ=1!!) on PSI
electron transport [1].
4.2. H+-efﬂux rate from [Fd–Qr] domain—kqbf
On ﬁrst sight we were surprised that this rate is different from the
light excitation rate. If the inﬂux of protons driven by the PSI-driven
cytb6f proton pumpwould all originate from the phase adjacent to the
[Fd–Qr] domain one would have expected kqbf=kL. However, it is
likely that this domain is part of parallel-shunted source domains of
the H+-inﬂux at the stromal side of the pump. Its proton delivery then
is shared and complemented by that of these collective domains that
have been named (Fig. 1) non-speciﬁc stromal H+-sources. The H+-
efﬂux rate constant of [Fd–Qr] redox domain will be proportionally
lower than the pump rate kL.
4.3. Trans-thylakoid H+-leak—k−PE
The importance of this passive membrane parameter becomes
apparentwhen the effect of FCCP on the attenuation of CET is illustrated
[20]. Protonophores like FCCP cause an increase in k−PE and conse-
quently induce a decrease in the pH-dependent effect on the Fd−–
PQ↔Fd–PQ− redox equilibrium in the CET route.
4.4. Rate constant of P700+ dark reduction—ks
We have assumed, for reason of easiness and simple theoretical
treatment a single (average) rate constant ks=0.5 s−1. Deconvolution
of P700+ decay will yield two constants (not shown in detail, but see
Fig. 4). Substitution of each in the equations and proportional
summation of the results will yield the proper PIA(t) curves which
were found to result in negligibly small improvements (not shown).
4.5. Number of H+ binding groups near [Fd–Qr] domain—N
Existence and function of proton-binding groups in the vicinity of
the Fd−–PQ↔Fd–PQ− redox site have been introduced to account for
the number of excitations that are required before any effect of a pH
change on the CET rate becomes detectable (Appendix A). The
number N, together with the H+-efﬂux rate from [Fd–Qr] domain kqbf
determines delay and steepness of the CET(t) function (Eq. (1a)), i.e.
the attenuation proﬁle of cyclic electron transport during PSI
excitation (illumination). In agreement with results of others this
proﬁle (phase 2) is variable for different leaves of the same plant
species [13,18]. This points to the fact that the variability is associated
with variations in electrochemical properties of the membrane-
adjacent phases, rather than with variation in the photochemical
efﬁciencies of the photosynthetic machinery.
4.6. Fraction of RCs operating in CET mode—θ
This is the most variable parameter of the algorithm, and is
determined by and dependent on the light and dark conditions and
history. It determines the heterogeneity status of PSI RCs in the leaf at
the start of PSI excitation and its subsequent electron and proton
transport (Fig. 4). Shortly after preceding FR preilluminations θ=0
and conversion in the dark to θ=1 occurs with rate constant
∼(6.5 min)−1 (Fig. 8). Conversely the transfer in the light from θ=1
to θ=0, which can be thought to be the inverse of the CET(t) response
(Figs. 2 and 5–7), occurs with a unique kinetic pattern with
completion in the order of 10 s. This is the ﬁrst report in which the
PSI-driven conversion pattern of CET (θ=1) into LET (θ=0) is
derived analytically (Eq. (1a)). The translation of this analytical
function into a biased model leads to the following hypothesis. The
delay and decrease in the fraction of RCs operating in CET mode(θ=1→0), observed in intact leaves upon 10 s illumination with far-
red light, is caused by a photoelectrochemically controlled suppres-
sion of the electron transport from Fd to the PQ-reducing Qr site of the
cytb6f complex in the cyclic pathway. The photoelectrochemical
control is exerted by the PSI-powered proton pump associated with
CET. PSI powers the brakes of its CET.
4.7. Fraction of RCs in CET mode with oxidized PQ pool—γ
This fraction in general is variable in dark adapted leaves and can
be modulated with a short WL pulse terminating a dark adaptation
after which θ→0. It has been amply documented in ﬂuorescence
studies that PSII excitation of a few hundred milliseconds duration
causes full release of photochemical and -electrochemical quenching
with concomitant reduction of PQ [10,25]. The presence of reduced PQ
in fraction of RCs in CET mode is required to ensure the absence of the
transient overshoot at the onset of FRL in leaves that operate in CET
mode (θ=1). As such γ is determined from the relative size of the
overshoot at high FRL intensities. At low intensities the overshoot is
less pronounced and more difﬁcult to isolate from the multi-
component PIA(t) signal.
The algorithm PIA(t) which is composed of easy manageable
mathematical functions appears to be a promising tool for analyzing
and interpreting the complex kinetics of the P700 response in intact
leaves upon FR illumination in the 10 s time region. It is in agreement
with and provides strong evidence for the hypothesis that cyclic
electron transport (CET) in photosystem I is under photoelectro-
chemical control via ΔpH-regulation of the PQ reduction (rate) at the
Qr site of the cytb6f complex in the cyclic pathway. The existence of a
similar regulation has been documented and illustrated for PQ
reduction at the QB-binding site of the D2 protein at the acceptor
side of photosystem II [10,25]. The regulation in PSII causes
accumulation of QB-nonreducing RCs and a concomitant transient
release of photoelectrochemical ﬂuorescence quenching (yet unpub-
lished results) in intact leaves.
Further experiments are required to validate the model and its
underlying algorithm for illumination periods into the minute range.
Experiments of this kind are not available yet, except for prolonged
illuminations with WL [29]. The oscillation patterns in the P700+
response observed in prolonged WL illumination might suggest that
the proposed electrochemical control of CET modulates when other
cellular proton circuits are activated and become connected to that
associated with CET.
Appendix A. Derivation of expressions (Eqs. (1) and (2)) that
describe the kinetics of P700+-accumulation in terms of the rate
of trans-thylakoid proton transfer and -leak and of the number of
proton binding sites in the Fd–PQ redox domain near the cytb6f
protein complex
The delayed and S-shaped increase in P700+-accumulation at low
FR intensities (excitation rate) can be described in terms of a simple
model that can be thought of as follows. The increase in P700+ at a
constant FR excitation rate kL of PSI operating in the CET mode is
proposed to occur in response to ΔpH associated with H+ uptake at
the Qr site of the cytb6f protein complex in the vicinity of the stromal
PQ-binding site in the thylakoid membrane where PQ- reduction
takes place. The pH shift will cause the Fd−–PQ↔Fd–PQ− redox
equilibrium tomove to the Fd−–PQ direction. This shift will happen as
a result of photochemical electron trapping at the acceptor side of PS
because of H+ uptake at the Qr site and consequent trans-thylakoid
proton transfer by the CET-cycle driven proton pump in the cytb6f
complex I. The CET pumping rate (2H+ per turnover) will equal the
PSI excitation rate kL. It is further assumed that a fraction ε of the
trans-thylakoid H+ ﬂux arrives from and is fed by the H+ efﬂux out of
the Fd–PQ redox domain of the stromal phase adjacent to the
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redox domain equals kqbf=ε⋅kL.
We designate the electrochemical potential of the phase adjacent
to the binding site after n turnovers of PSI (and the cycle) with μn(pH)
(n=0, 1, 2, etc.), to emphasize that we will focus on this major
component of ΔμH. The delayed and S-shaped increase in P700+
indicates a pH-controlled decrease in the fraction θ(t)=ϕ(t)/ϕmax) of
RCs that operate in the CET mode. The kinetics thereof, in analogy
with that of qPE quenching of chlorophyll a ﬂuorescence in PSII [9],
suggests that the pH associated with μn(pH) is dependent on the
number of turnovers of PSI (and CET pump). The transfer of the states
can be symbolized and represented by the scheme
μ0ðpHÞ→
kqbf
μ1ðpHÞ→
kqbf
:::::::→
kqbf
μN−1ðpHÞ⇔
kqbf
k−PE
μNðpH + ΔpHÞ ðA:1Þ
in which kqbf and k−PE are rate constants of proton efﬂux out of the
Fd–PQ redox domain and proton leak through the thylakoid
membrane, respectively. μn(pH) symbolizes the assumption that the
electrochemical potential μn is predominantly determined by the
actual pH. The scheme can be read as that of a process in which a
threshold amount of protons have to be delivered to or extracted from
an aqueous phase before a change in pH therein will occur. This
amount is generated by a proportional number N of turnovers of the
cytb6f proton pump. N can then be viewed to be a linear measure of
the number of proton buffering groups in that phase. The [N+1]
differential equations associated with the reaction scheme can be
numerically solved by an adopted matrix solver method for ODEs (see
for details [9] and approximated analytically [30]) yielding
μNðtÞ = μ0 + ðμssN−μ0Þð1−e−kqbf ⋅t ∑
N
m=0
ðkqbf tÞm
m!
Þ kqbf
kqbf + k−PE
ðA:2Þ
in which μNss equals μN(t) in the ﬁnal steady state. The approximation
equals the analytical solution of the ODEs in case the passive proton
leak is ignored (k−PE=0) and can be shown to hold within maximal
10% deviation for k−PEb2⋅kqbf. After normalization with reference to
the electrochemical potential μ0(pH) and μNss in the dark adapted
(P700
þðtÞ
P700tot
=1−θ=0) and light equilibrium state (P700
þðtÞ
P700tot
=1−θ=1),
respectively, the expression for P700
þðtÞ
P700tot
or 1−θ is
P700þðtÞ
P700tot
= 1−θ = μNðtÞ−μ0
μssN−μ0
= 1−e−kqbf ⋅t ∑
N
m=0
kmqbf
m!
kqbf
kqbf + k−PE
ðA:3Þ
It is important to note that kqbf=γ. kL in which, as outlined above,
γ is the fraction of the H+-inﬂux at the site Qr of the cytb6f protein that
arrives from the nearby located Fd–PQ redox domain.
Appendix B. Derivation of expressions (Eqs. (2) and (3)) that
describe the kinetics of PSI-induced P700+-accumulation by linear
(LET) and pseudo-linear (psLET) electron transport, respectively
The simpliﬁed reaction schemes of the LET- and psLET mode
of PSI operation are represented by y0⇒
kL
y1⇒
kL
y2⇔
kL
ks
y3 and by
yy0⇒
kL
yy1⇒
kL
yy2⇒
kL
yy3⇒
ks
, respectively. The justiﬁcation for the simpli-
ﬁcation in relation to extended schemes incorporating equilibrium
kinetics at the PSI donor side [22,23] has been given in the main text.
Each of the two schemes above is associated with a system of ordinary
linear differential equations (ODE)which, for the LETmode is illustrated
dy0
dt
= −kL⋅y0 ðB:1aÞ
dy1
dt
= + kL⋅y0−kL1⋅y1 ðB:1bÞdy2
dt
= + kL1⋅y1−kL⋅y2 + ks⋅y3 ðB:1cÞ
dy3
dt
= + kL⋅y2−ks⋅y3 ðB:1dÞ
in which kL (kL1∼kL) and ks are the PSI excitation rate and rate
constant of P700+ reduction at the PSI donor side. It is essential, as we
will see below, that the excitation rate kL1 of the 2nd turnover is
virtually slightly different from that in the 1st and 3rd (kL1≠kL), to
prevent singularities when solving the equations. The P700+
reduction has been assumed to be mono-exponential for simplicity
reasons.
For the psLET-mode, with y-states substituted by yy-states,
Eqs. (B.1c) and (B.1d) have to be replaced by
dy2
dt
= kL1⋅y1−kL⋅y2 ðB:1c⁎Þ
and
dy3
dt
= −ks⋅y3 ðB:1d⁎Þ
respectively. Analytical solution of these equations will yield expres-
sions for the y-states, but is often laborious because of increased
complexity.
An easier numerical solution of Eqs. (B.1a)–(B.1d), which is
applicable for any set of n ODEs, is obtained with an n–n ‘matrix’
approach. The ODEs like those of Eqs. (B.1a)–(B.1d) are in the form
dyjðtÞ
dt
= ∑
i
ai;jyjðtÞ ðB:2Þ
for i and j from 1…n. This is considered in vector presentation as
dYðtÞ
dt
= AYðtÞ ðB:2aÞ
in which Y(t) is a vector with n elements yi(t) (j=1…n) and A is an n–
n matrix with elements aij (i,j=1…n). The solution is an exponential
vector function
YðtÞ = νeλt ðB:3Þ
with, according to the equation Av=λv. This means, in matrix
terminology, that the solution is determined by the eigenvector ν
and eigenvalue λ of the matrix A. Mathcad 13 and elder versions
(MathSoft Inc.) offers the routine for evaluating these matrix
parameters. A handwritten Mathcad program dedicated to the
P700-induction-algorithm (PIA) can be provided upon request
(wim.vredenberg@wur.nl).
Herewe illustratehowthe analytical solutionof eachof the y-states in
Eqs. (B.1a)–(B.1d) is obtained. With the boundary conditions y0(0)=1,
y1(0)=y2(0)=y3(0)=0 and∑
i
yjðtÞ = 1 the general solutions are
y0ðtÞ = e−kLt ðB:4aÞ
y1ðtÞ =
kL
kL−kL1
ðe−kL t−e−kL1tÞ ðB:4bÞ
y2ðtÞ =
ks
kL + ks
+ a⋅e−kLt + b⋅e−kL1t− ks
kL + ks
+ a + b
 
⋅e−ðkL + ksÞt
ðB:4cÞ
y3ðtÞ = 1− y0ðtÞ + y1ðtÞ + y2ðtÞð Þ ðB:4dÞ
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(B.4d) into Eq. (B.1c) gives the expressionsof the constants a and bwith:
a =
kL⋅ðkL1−ksÞ
ks⋅ðkL1−kLÞ
−1 and b = ða + 1Þ⋅ksðkL1−kL−ksÞ
It looks as if a, b and y1(t) (Eq. (B.4b)) become inﬁnite for kL=kL1.
However the equalities for which these stand give discrete expressions
in the limit situationwhen kL1 approaches kL, i.e. kL1➔kL. This is shown for
y1(t) (Eq. (B.4b)). After rewriting and series expansionof (1−e−(kL1−kL)t),
with omission of the higher order terms, one gets for kL=kL1
y1ðtÞ =
kLe
−kLt
kL−kL1
ð1−e−ðkL1−kLÞtÞ = kLe
−kLt
kL−kL1
⋅ 1− 1− kL1−kLð Þ⋅t + :::½ f g
= kLt⋅e
−kL t ðB:4b⁎Þ
Similarly discrete expressions can be derived for a and b. Simple
(and careful!!) rearrangements then gives the expression of y3(t)
y3ðtÞ =
kL
kL−kL1
1−e−kLt⋅ 1+ 1 + kL
ks
 
⋅kLt−
kL
ks
 2
⋅ 1−e−kst
   	
:
ðB:4d⁎Þ
The graphical solution for y3(t), obtained with the 4–4 matrix
approach for the P700+ accumulation (y3 in the reaction scheme) in
the LET mode of PSI operation (Eqs. (B.1a)–(B.1d)) is shown in Fig. 4.
Both curves match which conﬁrms the correctness of the analytical
solution of the reaction sequence given Eq. (B.4d⁎). Thus we can write
LETðtÞð= y3ðtÞÞ=
kL
kL−kL1
1−e−kL t⋅ 1+ 1+ kL
ks
 
⋅kLt−
kL
ks
 2
⋅ 1−e−kst
   	
:
ð2aÞ
Similarly one can derive (not shown) the analytical solution yy3(t)
of the ODEs (Eqs. (B.1a), (B.1b), (B.1c⁎), and (B.1d⁎)) representative
for P700+ accumulation (yy3) in the psLET mode of PSI operation.
Analytical and graphical solution were found to coincide which allows
the conclusion that
psLETðtÞð=yy3ðtÞÞ= kL
kL−ks
 3
1−e− kL−ksð Þ⋅t ∑
2
m=0
kL−ksð Þ⋅tð Þm
m!
 !
e−ks⋅t
ð3aÞ
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